In fetuses and newborn infants heart rate variability changes in conditions of acute and chronic hypoxia ; we therefore asked whether heart rate variability of infants born at high altitude differed from that of low-altitude infants. Short-term recordings (4-5 min) of inter-beat intervals were obtained in 19 infants in Lima (50 m altitude) and in 15 infants in Cerro de Pasco (4330 m, barometric pressure " 450 mmHg, inspired oxygen pressure " 94 mmHg) during quiet rest in warm conditions (ambient temperature, T a , " 35 mC). In 12 infants from each group recordings were also obtained during cooling (T a " 26 mC). Heart rate variability was evaluated from 512 consecutive inter-beat intervals, with analysis based on time-domain and frequency-domain methods. At warm T a , heart rate variability did not differ between the two groups. During cooling, heart rate increased only in the low-altitude group. As in the warm, during cooling most parameters of heart rate variability did not differ between the two groups. The only exception was the inter-beat interval power of the high-frequency range of the spectrum (0.15-0.4 Hz), which, at least in adults, is believed to be a reflection of vagal activity, and was greater in the highaltitude group. It is concluded that gestation at high altitude, despite its blunting effects on fetal growth, does not have a major impact on heart rate variability of the newborn. Nevertheless, the possibility that differences in response to cooling may reflect some limitation in heart rate control needs to be examined further.
INTRODUCTION
The beating of the heart, even in resting and steady conditions, does not occur at perfectly constant time intervals. Heart rate variability (HRV) is a general term used to define the variation in inter-beat intervals and, therefore, in the instantaneous heart rate. Respiratory sinus arrhythmia is a well-known phenomenon of increasing and decreasing heart rate with inspiration and expiration respectively. In addition to the respiratory sinus arrhythmia, it has been recognized that another source of HRV is determined by oscillations with a longer period, corresponding to frequencies between 0.04 and 0.4 Hz [1, 2] . The mechanisms responsible are still unclear, although experiments of sympathetic and parasympathetic (vagal) blockage have indicated that both systems, with their cyclical oscillations, contribute to these oscillations, possibly with the vagal control being primarily responsible for oscillations at higher rates (0.15-0.4 Hz) [1, 2] .
Changes in the magnitude of HRV have frequently been observed in conditions affecting cardiac function [3] , and used as an index of prognostic value after myocardial infarction [4] [5] [6] . In the fetus and newborn, acute hypoxia can increase HRV [7] , whereas during sustained hypoxia or in infants with respiratory distress syndrome the opposite occurs [8] [9] [10] [11] . In fact, the stability of the instantaneous heart rate, i.e. absence of HRV, is commonly recognized to be an ominous sign of severe fetal hypoxia [12] .
Power spectral analysis of heart rate has been used to evaluate the possible mechanisms of the changes in heart rate in adult men during high-altitude hypoxia [13, 14] . Whether HRV differs between low-and high-altitude infants has never been investigated, although it is of interest both from a biological and clinical viewpoint. Gestation at high altitude can reduce oxygen delivery to the fetus ; noticeably, infants are usually born at term with a smaller body weight [15] . Hence, analysis of newborn infants after gestation at altitude offers an opportunity to examine possible effects of prenatal hypoxia on heart rate control, in the absence of maternal or fetal diseases. In the present study we evaluated HRV in 1-day-old infants at sea level (Lima, " 50 m altitude) and at high altitude (Cerro de Pasco, " 4330 m). Most infants were examined at two ambient temperatures, 35 and 26 mC. The latter, being below thermoneutrality, represents a thermogenic stimulus ; hence, at these two temperatures the infants were experiencing two different levels of autonomic control [16] .
METHODS
The study was performed on two groups of Peruvian 1-day-old infants, after approval by the ethics committee of the Universitad Peruana Cayetano Heredia and by the Table 1 Characteristics of the two groups of infants Low altitude l Lima, 50 m. High altitude l Cerro de Pasco, 4330 m. All subjects were born at term (38-42 weeks), with an APGAR score between 7 and 10 at both 1 and 5 min. Where appropriate, values are expressed as meanspS.E.M. *P 0.05 compared with the corresponding value at the low altitude (two-tailed t-test). Parity equals number of term gestations by the mother, including that of the subject. Body weight was weight at the time of birth. ‡Of the infants studied at 35 mC, 12 infants per group were also studied at 26 mC.
Low altitude
High altitude at sea level). The mothers had lived before and during their pregnancy in the corresponding city or immediate surroundings of equivalent altitude. All infants were born at term and appeared healthy at clinical examination. The characteristics of the two groups of infants are presented in Table 1 . The large majority, albeit not all, of these infants were part of a study on neonatal thermogenic responses, the results of which have been presented elsewhere [16] .
Measurements
Cardiac inter-beat intervals (IBI) were recorded with two skin electrodes positioned on the frontal portion of the chest, obliquely with respect to the sternum. The electrodes were connected to a transmitter (Polar PE 4000) which sent the information by telemetry to a computerized receiver (Mini-Logger 2000, Mini Mitter2, Sunriver, OR, U.S.A.). The data stored in the receiver were then downloaded into a minicomputer for analysis by standard statistical software (Excel 972 and Systat 5.032), and graphical representation (Sigmaplot 42).
The accuracy of the transmitter-receiver system was tested by connecting the receiver to an electric stimulator (Grass SD9, Quincy, MA, U.S.A.). Pulses of 100 mV and 0.1 ms duration were delivered at various frequencies, ranging from 0.2 to 4 Hz. The recorded time intervals (ranging from 278 to 4821 ms) did not deviate from the mean by more than 3 ms ; at the intermediate and highest frequencies, deviations did not exceed 1 ms (Figure 1 ). Heart rate variability in high-altitude infants The infant, recently fed and wearing only a disposable napkin, was placed supine on a thin mattress into a humicrib, consisting of a stainless steel cylinder maintained at the desired temperature by a system of circulating water through coils of PVC tubing that surrounded the humicrib. Further details of the humicrib and its temperature control have been given elsewhere [16] . Ambient temperature, measured by two thermocouples on the inner wall of the humicrib, was set at 35 mC for 20 min (warm), followed by a further 20 min at 26 mC (cool). The warm temperature (35 mC) represents the upper end of the infant's thermoneutrality [17, 18] . Relative humidity was occasionally checked and ranged between 50 and 60 % at either altitude. Data were collected during the last 8 min of the warm and cool phases. Infants in most cases remained quiet, although not necessarily sleeping. Mild disturbances were considered part of the normal response ; however, if the infant became distressed, as noted by loud crying, measurements were interrupted and the experiment discarded. Out of a total number of 27 (Lima) and 24 infants (Cerro de Pasco) in whom measurements were attempted, artefact-free data (see below) were obtained in 19 (Lima) and 15 (Cerro de Pasco) infants during the warm phase, and in 12 (Lima) and 12 (Cerro de Pasco) infants during the cool phase (Table 1) .
Data analysis
Recordings were analysed during the last 8 min of warm and cool exposures. First, IBI were plotted as function of time for a visual screening of possible obvious artefacts, such as those introduced by gross body movements or temporary electrode malfunction. At each ambient temperature, artefact-free sections of 512 continuous IBI were selected for analysis, which, depending on the infant's heart rate, corresponded to a duration of approximately 4-4.5 min.
After computation of standard statistical parameters (mean, median, mode, minimum and maximum values), HRV was evaluated within the time and frequency domains ; for their description we have retained the terminology previously suggested [3, 19, 20] .
Time domain analysis
The simplest quantification of the variability of the sequential 512 normal-to-normal (NN) IBI was the calculation of their standard deviation (SD NN ), i.e. the square root of the variance, and of the coefficient of variations (CV NN l SD NN \mean). A geometric method to quantify the NN variability is based on the construction of a histogram distribution of the NN, with bins of 8 ms (actually 1\128 s l 7.8125 ms [3] ) ; the triangular index evaluates the dispersion of the NN histogram distribution around its most frequent occurrence, and corresponds to the total number of NN intervals (in the present case n l 512) divided by the number of NN at the peak of the histogram.
We then computed the NN differences, i.e. the time differences between each pair of consecutive NN intervals. These differences were expressed in three formats : as pSD (percentage of the NN interval), as RMSSD (square Root of the Mean of the Squares of Successive Differences between adjacent NN intervals), and as pNN50 (percentage of adjacent NN intervals differing by more than 50 ms).
For any of these parameters, the higher the value, the greater the variability in IBI and heart rate.
Frequency domain analysis
The goal of this analysis is to provide an estimate of how the power (variance) of the successive IBI distributes as a function of frequency, in particular over the frequency range of interest (0.04-0.4 Hz). From the discrete event series of IBI, which is an irregularly time-sampled signal, a regularly sampled series was obtained by interpolation every 400 ms, i.e. at a rate (2.
Statistical analysis
Data are presented as meanspS.E.M. (S.E.M. l SD\ NN). The statistical difference between two sets of data was evaluated by two-tailed t-test. A significant difference was defined at P 0.05.
RESULTS

Warm conditions (T a l 35 mC)
Mean values, minimum, maximum, median and mode of the IBI did not differ significantly between the two groups of infants. In addition, their average frequency distributions, expressed as a percentage of the mean value of each infant, were very similar (Figure 2 , left). Analysis At neither ambient temperature (T a l 35 mC ' Warm ', T a l 26 mC ' Cold ') did the distribution differ significantly between the two groups (two-tailed t-test, P 0.05). of the HRV within the time or frequency domains did not reveal any significant difference (Table 2 ).
Cold conditions (T a l 26 mC)
In the low-altitude group, average heart rate was higher, and IBI lower, in the cold compared with warm con- (Table 3) . However, as in the warm conditions, in the cold most of the parameters describing HRV in the time or frequency domains did not differ significantly (Table 3 and Figure 2 , right). The only, but important, exception was the relative Values are expressed as a percentage of the total power of the spectrum below 0.4 Hz. *P 0.01.
power of the high-frequency range, which in the highaltitude infants was significantly greater than in the lowaltitude infants (Figure 3 ).
DISCUSSION
The general conclusion from the present analysis of the IBI was that HRV was similar between low-and highaltitude newborn infants. This similarity occurred not only in warm conditions but also, to a large extent, under mild cold stimuli ; however, in the latter case the lowaltitude infants had significantly higher heart rates and lower high-frequency power than the high-altitude group. Questions arise about whether possible differences in HRV may have been missed by the analytical approach or masked by uncontrolled factors. Variability in IBI, and therefore HRV, can be evaluated in many ways. We have chosen the most common parameters within the time-domain and frequencydomain methods [3, 19, 20] . None of the parameters can provide a complete assessment of HRV, and many are interrelated and correlated with each other both mathematically and physiologically. In infants, long-term recordings (i.e. several hours) are less useful than in adults ; in fact, because the conditions are unstable or ' non-stationary ', the averaging of long-term recordings can obscure the autonomic modulation of heart rate, and the results therefore have limited physiological value. In the absence of stability the results of the frequencydomain analysis of short-term recordings (2-5 min) are a useful complement to those of the time-domain analysis [3] , and can provide information that the timedomain analysis would not be able to appreciate [21] .
As in the adult, pulmonary ventilation in infants is known to be a source of HRV. However, in infants only a few days old, the magnitude of the increase and decrease in heart rate with inspiration and expiration respectively (respiratory sinus arrhythmia) is variable [22, 23] , presumably because in the very early postnatal phases breathing can be very irregular [24] . Giddens and Kitney [25] from spectral analysis and cross-correlation techniques of heart rate and respiratory signals concluded that sinus arrhythmia in infants was much less pronounced than in older infants or adults, although breathing amplitude, i.e. tidal volume, could have some effects on HRV. From considerations also based on computer simulation, these authors [25] also suggested that the breathing rate in neonates is usually too high to result in significant respiratory sinus arrhythmia. Infants at high altitude, on average, have values of pulmonary ventilation similar to those of low-altitude infants [26] . In conclusion, it seems improbable that the breathing pattern may have masked intrinsic differences in HRV. Also, because the breathing rate in 1-day-old infants, whether at low or high altitude, on average exceeds 45 breaths\min [24, 26] , or 0.75 Hz, it could not have been part of the variance considered in the power spectrum, which was for frequencies below 0.4 Hz. Whether sleep state can affect HRV in the early postnatal days is unclear [22] ; in any case, it seems unlikely that the state of wakefulness was consistently different between the two groups of infants.
HRV is very sensitive to hypoxia, both in the fetus and the newborn, and its presence, even more than heart rate itself, is often considered an index of the adequacy of oxygenation [7, [10] [11] [12] . Hence, the overall similarity in HRV between the two groups of infants may be taken as an indication that gestation at high altitude, despite its known effects on fetal growth [15] , did not represent an hypoxic challenge sufficiently severe to introduce major differences in the neonatal control of heart rate. While this seems the most obvious conclusion of the present analysis, it should be accepted with some reservations. First, measurements were obtained on the first day after birth, i.e. at a time when all newborn infants, including those born at high altitude, are in a condition of acute hyperoxia relative to the fetal state. Second, it was of interest that the high-altitude infant did not increase heart rate when exposed to cooling temperatures, and the IBI power spectrum of the high-frequency range (0.15-0.4 Hz) differed from that of the low-altitude group. Based on experiments of vagal and sympathetic stimulation, section and blockage there is general agreement that vagal activity is the major contributor to this frequency range ; the combined sympathetic and vagal activities may contribute to the low range (0.04-0.15 Hz), whereas the physiological interpretation of the very-lowfrequency range ( 0.04 Hz) is still unclear [3, 20] . Hence, the reduction in the high-frequency power during cooling in the low-altitude group is compatible with a withdrawal of vagal inhibition, and consequent increase in heart rate ; on the other hand, the minimal heart rate response to cooling in the high-altitude infants was mirrored by the sustained vagal component of the power spectrum. These changes were not accompanied by corresponding changes in the low-frequency power, presumably because the latter is also under sympathetic activity, which often changes in a direction opposite to the vagal activity. In adult man during high-altitude hypoxia, analysis of the power spectrum revealed an increase in the sympathetic activity and a withdrawal of the vagal tone of the heart during the first days at altitude [13, 14] , followed by a re-equilibration of the two controlling systems after a few days [13] . To what extent the different response to cooling of the high-altitude infants was a consequence of their decreased thermogenic response [15] or was a reflection of a different balance between sympathetic and parasympathetic cardiac control, cannot be resolved by the present data. It is nevertheless of interest that another aspect of vagal control was previously found to differ between low-and high-altitude infants. In fact, an analysis of the ventilatory inhibition after lung inflation concluded that the tonic vagal activity of pulmonary origin (Hering-Breu$ er expiratory promoting reflex) was weaker in the highaltitude group [27] . Whether the sympathetic side of the control was affected cannot be said based on the present data. In adults, a reduced response of the sympathetic system during chronic hypoxia has been suggested in rats because of a decreased density of cardiac β-adrenergic receptors [28, 29] coupled to an increase in acetylcholine muscarinic receptors [30] , and in humans because of a decreased response to isoproterenol [31] ; both phenomena were thought to be caused by the prolonged activation of the sympathetic activity during hypoxia. A lower density of β-adrenergic receptors and a higher density of muscarinic receptors have also been found in high-altitude native guinea pigs, compared with their low-altitude counterpart, suggesting an alteration in cardiac autonomic control in favour of the parasympathetic system [32] .
In conclusion, HRV was found to be very similar between infants born at low and high altitude. This suggests that gestation at altitude has no major consequences on the control of heart rate of the newborn. In response to cooling temperatures, differences in the heart rate and in the IBI high-frequency component were identified, but the eventuality of a causative link with prenatal hypoxia remains speculative.
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